Introduction
Carbon nanotubes (CNTs) have received considerable attention because of their distinctive structures and fascinating properties since first reported in 1991 [1] . Researchers show great interests in utilizing CNTs in various areas, such as electrochemical biosensors [2, 3] , nanowires [4] , nanoprobes for high-resolution imaging [5] , electromechanical actuators [6] , and other applications [7, 8] . Among them, polymer-based CNTs composite has been a research focus for many years. Various polymer materials have been studied as the composite matrices, such as polypyrrole [9] , poly(vinyl alcohol) [10] , polystyrene [11] , poly(methyl methacrylate) [12] and liquid crystalline polymers [13] . The excellent mechanical, electrical, and thermal properties of carbon nanotube [14] [15] [16] , combined with its high aspect ratio, make it a very promising reinforcing filler.
However, the application of CNTs to fabricating polymer-based composite with enhanced properties is strongly limited, [17, 18] which is mainly due to the following two factors: first, raw CNTs tend to aggregate because of van der Waals forces, consequently making CNTs very difficult to homogeneously disperse in polymer matrices; second, lack of sufficient interfacial interaction between the two phases makes CNTs easily slide in the matrices under external forces. One effective way to improve both the dispersion and interfacial bonding is to chemically functionalize CNTs [17, 19, 20] . The acid-treatment method is widely adopted to modify CNTs. In general, this process consists of two steps. First, CNTs are treated with oxidants to introduce carboxylic acid groups to CNTs' surface defect sites [21, 22] . Second, the attached carboxylic acid groups could change into other functional groups, like acyl chloride, amide [13, 23] . The functional groups on CNTs' surface can react directly with monomers or a polymer, which opens a new route to properly functionalize CNTs based on a specific polymer matrix.
Polyurethane (PU) is one of the most versatile polymers and is widely applied as thermoplastic elastomer, adhesive, coating, foam, etc. As a block copolymer with alternating soft and hard . segments, PU's molecular structure can be easily tailored to meet specific property requirements [24] . There are several approaches to preparation of CNT/polymer composites, such as in situ polymerization, melt processing and solution mixing. Among them, solution mixing may be the most common one due to its simple procedure. Another benefit of this approach is that the de-aggregation and dispersion of CNTs can be greatly promoted by agitation, which is usually provided by ultrasonication, shear mixing, magnetic stirring or reflux [25] .
In this work, in order to obtain a uniform dispersion of multi-walled carbon nanotubes (MWCNTs) in the PU matrix, as well as a strong interfacial interaction between them, two kinds of chemical moieties (carboxylic acid group and polycaprolactone diol) were introduced onto the surface of MWCNTs. Because polycaprolactone diol (PCL) is one of the monomers for synthesizing PU, we expect a good compatibility between PCL-functionalized MWCNTs (MWCNT-PCL) and PU matrix when MWCNTs also contain the same molecules on their surface. The raw MWCNTs, carboxylic acid groups functionalized MWCNTs (MWCNT-COOH) and MWCNT-PCL were then incorporated into PU matrices to prepare three types of MWCNTs/PU composites via a simple solution mixing method. The functionalized MWCNTs were characterized in detail to confirm the covalent linkage. In addition, results from FESEM, TEM, tensile tests and TGA were presented and studied.
Experimental

Materials
The MWCNTs (purity 95 wt%) were provided by Cheap Tubes Inc (USA), with a length of 10-50 lm and outer diameter of 8-15 nm. Acetone (Aik Moh), anhydrous dimethylformamide (DMF, Tritech Scientific), tetrahydrofuran (THF, Anhydrosolv, Tritech Scientific), concentrated sulfuric acid (H 2 SO 4 , 95-97%, Honeywell) and nitric acid (HNO 3 , 69-70%, Honeywell) were used as received. PCL (average Mn ""2000 g/mol and ""530 g/mol), 4,4 0 -methylenebis(phenyl isocyanate) (MDI, molecular weight 250.25 g/mol), 1,4-butanediol (BD, molecular weight 90.12 g/mol), dibutyltin dilaurate (DBTDL) and thionyl chloride (SOCl 2 ) were all obtained from Sigma-Aldrich.
Functionalization of MWCNTs
MWCNT-COOH was obtained via the following process: raw MWCNTs (1 g) were dispersed in 100 ml mixture of H 2 SO 4 / HNO 3 (volumetric ratio 3:1) using an ultrasonicator. Then the mixture was heated gradually to 90 oC and kept for 30 min with vigorous magnetic stirring under reflux. Afterward, the reaction system was diluted and filtered via a filter with 0.22 lm Millipore membrane. The filtered powders were then washed, filtered till the filtrate became neutral. Finally, the acid-treated MWCNTs were collected and desiccated to a constant weight.
To prepare MWCNT-PCL, SOCl 2 was used for further functionalization. The as-prepared MWCNT-COOH was dispersed in SOCl 2 with the aid of an ultrasonic bath. Then the mixture was kept in a 65 oC oil bath under reflux for 1 day. After that, the mixture was filtered via a 0.22 lm polytetrafluoroethylene (PTFE) membrane filter. Dry acetone was used to wash the filter cake to get the acyl chloride intermediate MWCNT-COCl solid. The solid was immediately transferred into a solution of PCL (average Mn ""530 g/mol) in dry THF and stirred at 60 oC for another 24 h. Afterward, the reaction mixture was filtered, washed and dried to give MWCNT-PCL. The schematic for the preparation of MWCNT-COOH and MWCNT-PCL is shown in Fig. 1 . 2.3. Fabrication of MWCNTs/PU composites PU was synthesized from two monomers (MDI and PCL) via a prepolymerization method [26] , using BD and DBTDL as the chain extender and catalyst, respectively. A molar ratio of 1:6:5 of PCL: MDI: BD was adopted, giving 50.6 wt% of soft segment. The MWCNTs/PU composite films were fabricated through a solution mixing method. For the MWCNT-PCL/PU composite film, the procedure was as follows: MWCNT-PCL was firstly dispersed in DMF solution at a concentration of 0.6 g/L and ultrasonicated at room temperature for 1.5 h. A certain amount of as-prepared pure PU was added into the solution and dissolved with assistance of magnetic stirring. After PU was completely dissolved, the mixture was stirred continuously at room temperature for 48 h [27] . Then the mixture was put into an ultrasonic bath for another 1.5 h. At last, the MWCNT-PCL/PU composite film was prepared by solution casting. The other two composite films (raw MWCNT/PU and MWCNT-COOH/PU) were prepared using the same procedure, while pure PU film was obtained without incorporating any MWCNTs. In this study, the fractions of MWCNTs for all types of MWCNTs/PU composites were fixed at 1 wt%. The weight percent of functionalized MWCNTs in the composite was calculated based on the weight of MWCNTs before functionalization, which did not include the amount of grafted functional groups or PCL which was determined by TGA tests as shown later.
Characterization
FTIR spectroscopic tests were conducted on FTIR Frontier (from Perkin Elmer) with Attenuated Total Reflection (ATR). The filler samples were prepared by mixing MWCNTs with potassium bromide and pressing into transparent pellets in a pellet-forming die. The FTIR spectra of film samples were obtained using ATR. Confocal Raman spectroscopy (Witec alpha300 SR) was applied to characterize the structural changes of MWCNTs, using a 633 nm laser as the light source. Thermo-gravimetric analysis (TGA) measurements were used to determine the functionalization degrees of MWCNT-COOH and MWCNT-PCL, conducted on TGA Q500. The powder samples were heated from 25 oC to 900 oC at a speed of 10 oC/min in the presence of nitrogen. The same TGA instrument was also used to study the thermal stability of MWCNTs/PU composite films scanning from 25 oC to 600 oC in the presence of nitrogen. Transmission Electron Microscopy (TEM) characterization was conducted on a Carl Zeiss LIBRA ® 120 in-column energy filter TEM equipped with an integrated OMEGA filter. The film samples for TEM were microtomed to prepare flakes with a thickness of approximate 50-100 nm using Leica Ultracut UCT. Field-Emission Scanning Electron Microscopy (FESEM, JSM-7600F) was used to observe the morphological features of composite films. For FESEM sample preparation, the films were broken in liquid nitrogen and sputtered with a thin layer of platinum using a sputter coater. Tensile Tester Instron 5567 was used to investigate the tensile properties of MWCNTs/PU composite films based on ASTM D638 at an extension speed of 100 mm/min. The gauge length of the specimen was 9.5 mm and five specimens were tested for each composite.
3. Results and discussion
Characterization of functionalized MWCNTs
The FTIR spectra of raw MWCNT, MWCNT-COOH, MWCNT-PCL and PCL are presented in Fig. 2 . After acid treatment, one obvious peak at 3434 cm -1 could be observed, and it was associated with the OAH stretching of carboxylic acid group. Besides, the two band at approximate 1360 cm -1 corresponded to disorder mode (D-band), which was associated with surface defects of MWCNTs [30] . The functionalization degree of MWCNTs can be measured by the intensity ratio of the D-band and G-band (I D /I G ) [31] . It is peaks approximately at 1726 cm -1 and 1210 cm -1 could be attribclear that I D and I G changed significantly after functionalization. uted to the C@O and CAO stretching, respectively. The result indicated that the carboxylic acid groups were successfully grafted to the surface of MWCNTs. As shown in Fig. 1 , the MWCNT-COOH was further treated with SOCl 2 and then reacted with PCL to prepare MWCNT-PCL. From Fig. 2 , it is also clear that PCL was grafted to MWCNTs. Apart from the peaks around 3434 cm 2867 cm -1 were due to the asymmetrical and symmetrical stretching vibrations of the CAH bonds of methylene groups in the alkane chain [28] . The peaks at around 1458 cm -1 and 1089 cm -1 could be associated with the CH 2 bending and CAOAC stretching modes, respectively [29] .
The functionalization of MWCNTs was also evaluated with Raman tests. As shown in Fig. 3 , the band at approximate 1579 cm -1 corresponded to tangential mode (G-band), which was related to the ordered sp 2 -hybridized carbon network. The [32] . In addition, compared with raw MWCNT, the D-band and G-band of the functionalized MWCNT (MWCNT-COOH and MWCNT-PCL) shifted to higher wavenumbers by 6 and 9 cm -1 , respectively. This should be attributed to the covalent functionalization of organic moieties to the surface of raw MWCNT.
The results of FTIR and Raman characterizations are further supported by TEM and TGA tests. As presented in Fig. 4a , the raw MWCNT exhibited a comparatively smooth and clean surface due to its complete lattice structure of carbon network. However, the edges of MWCNT-COOH (Fig. 4b ) appeared to be very rough due to the attachment of carboxylic acid groups on MWCNTs' surface. Moreover, it can be observed from Fig. 4c that a core-shell structure consisting of a PCL layer as the shell and MWCNT as the core is formed for MWCNT-PCL, indicating that the MWCNT was coated by a layer of PCL chains. It is noteworthy that the thickness of PCL layer wrapped on MWCNTs' surface is not uniform, which may be due to the inhomogeneous defect sites generated on MWCNTs' surface [33] . The TGA test under a nitrogen atmosphere also confirmed the successful functionalization of functional groups and PCL on the surface of MWCNTs. From the TGA curves of raw MWCNT, MWCNT-COOH, and MWCNT-PCL in Fig. 5 , the amounts of grafted functional groups and PCL on the MWCNTs' surface were estimated to be 9.0 wt% and 25.3 wt%, respectively.
Interaction between MWCNTs and PU
For MWCNTs/PU composite film, the interfacial bonding between MWCNTs and PU matrix was investigated with FTIR based on the shift of absorption peak of certain key group in PU matrix. Fig. 6 presents the FTIR spectra of pure PU, raw MWCNT/PU composite, MWCNT-COOH/PU composite and MWCNT-PCL/PU composite. The peak at 3332 cm -1 in Fig. 6a was attributed to to explain the red shift, the hydrogen bonding between MWCNT-PCL and PU matrix was proposed because the PCL chains functionalized on MWCNTs' surface were very likely to form chemical interaction with the NAH groups of PU. The possible hydrogen bonding between MWCNT-PCL and PU matrix is proposed in Fig. 7 . The situation in the MWCNT-COOH/PU composite was about the same. As shown, the red shift of NAH stretching peak of MWCNT-PCL/PU composite was more prominent than that of MWCNT-COOH/PU composite. This may be because the PCL chains could provide more carbonyl groups, which were essential to the proposed hydrogen bonding, than the carboxylic acid groups. The hydrogen bonding may contribute to a better dispersion of functionalized MWCNTs in the PU matrix and more effective interfacial stress transfer between them. These suggestions are well supported by the observed dispersion of MWCNTs in the PU matrix and enhanced mechanical strength of composite films, as shown later. the NAH stretching vibration of the urethane linkages of PU. It can be observed that the NAH stretching peak shifted from 3332 cm for MWCNT-PCL/PU composite. This revealed that the MWCNT-COOH/PU and MWCNT-PCL/PU composites were not just simple compounds of PU and MWCNTs but contained strong chemical interaction between them, while there was almost no chemical interaction between PU and raw MWCNT. The red shift of the NAH stretching peak suggested that the NAH groups of the urethane linkages of PU became not ''free'' due to the addition of MWCNT-COOH and MWCNT-PCL. In order The dispersion of MWCNTs in a polymer matrix influences the properties of MWCNT/polymer composite greatly. Hence, FESEM and TEM were used to verify the dispersion of MWCNTs in the PU matrix. Fig. 8 shows the FESEM images of the cross-sectional fractures of three studied composites: raw MWCNT/PU, MWCNT-COOH/PU and MWCNT-PCL/PU. The inserted images in Fig. 8 show the locally aggregated area under higher magnification. The bright dots in the FESEM images represent the individual MWCNTs dispersed in the PU matrix. A poor dispersion of raw MWCNT/PU composite can be clearly observed in Fig. 8a , with many large MWCNTs clusters in the matrix. Though manufactured under exactly the same sample preparation procedure, MWCNT-COOH/ PU composite (Fig. 8b) displayed a better dispersion of MWCNTs with only a few small clusters. Moreover, a homogeneous dispersion was achieved in the MWCNT-PCL/PU composite. The PU matrix was filled uniformly with MWCNT-PCL. The improved dispersion of functionalized MWCNTs in the PU matrix was also confirmed by TEM tests, as shown in Fig. 9 . Since all the films were prepared by solution casting, there was no preferred orientation for all types of MWCNTs. It can be clearly seen that MWCNT-PCL were distributed more uniformly in the matrix than MWCNT-COOH, while very large aggregates of raw MWCNTs were shown in the raw MWCNT/PU composite. The results indicated that the grafted carboxylic acid groups and PCL chains could significantly improve the dispersion of MWCNTs in the PU matrix. As confirmed with FTIR, the functional groups on MWCNTs' surface could form hydrogen bonding between MWCNTs and the PU matrix, which reinforced the MWCNT-PU interface and weakened the van der Waals force among the MWCNTs. Compared with MWCNT-COOH/PU composite, the better dispersion in MWCNT-PCL/PU composite may result from its stronger interfacial bonding, as discussed in the previous part.
Dispersion of MWCNTs in PU
Mechanical performance of MWCNTs/PU composites
Mechanical properties of MWCNTs/PU composites were investigated employing tensile tests. Fig. 10 exhibits the representative stress-strain curves for pure PU as well as for three composites under study. All the film composites showed a nonlinear elastic behavior, so the modulus was determined by taking the slope of the curve at low strains (0-8%), while the tensile strength was determined by the maximum achieved stress. Fig. 11 presents detailed information about the tensile strength and modulus. In general, the improvement in mechanical properties of PU by the functionalized MWCNTs (MWCNT-COOH and MWCNT-PCL) was much more evident than by raw MWCNTs. The tensile strength of raw MWCNT/PU composite even decreased slightly compared to pure PU. This was very likely attributed to the poor dispersion and lack of interfacial interaction between raw MWCNTs and the PU matrix. On the other hand, with 1 wt% loading, the functionalized MWCNTs improved both tensile strength and modulus without sacrificing the elongation at break of pure PU. Apparently, the highest enhancement was achieved for the MWCNT-PCL/PU composite. Compared with pure PU, the tensile strength and modulus of the MWCNT-PCL/PU composite were 51.2% and 33.5% higher, respectively. The FESEM images demonstrate that MWCNT-PCL was homogeneously dispersed in the PU matrix, which was crucial to improving the mechanical properties. Besides, as confirmed with FTIR, the strong interfacial interaction between MWCNT-PCL and PU matrix was beneficial for the interfacial stress transfer. Therefore, MWCNT-PCL showed a better enhancement effect than MWCNT-COOH, which may result from similarity of molecular structures of PCL and PU. With various functional groups in PCL, such as ester, ether and hydroxyl, MWCNT-PCL could form stronger interaction with PU matrix than MWCNT-COOH.
3.5. Thermal stability of MWCNTs/PU composites TGA thermograms of pure PU and three studied composites (Fig. 12) demonstrate that the curves shifted toward higher temperature with the addition of raw MWCNT, MWCNT-COOH and MWCNT-PCL. In this work, the criteria for thermal stability were taken as the temperatures at which 2% (T 2% ) and 50% (T 50% ) weight-loss happened [13] . Compared with pure PU, T 2% of raw MWCNT/PU composite was about the same, while T 2% of MWCNT-COOH/PU and MWCNT-PCL/PU composites were increased by 22 oC and 38 oC, respectively. For T 50% , raw MWCNT/ PU, MWCNT-COOH/PU and MWCNT-PCL/PU composites showed increments of 8 oC, 13 oC, and 35 oC, respectively, as compared with pure PU. Obviously, the thermal stability of PU was significantly enhanced with the addition of MWCNTs, especially MWCNT-PCL. The increased thermal stability may result from high thermal conductivity of MWCNTs, which could promote heat dissipation in the PU matrix [34] . The interfacial bonding between functionalized MWCNTs and PU matrix may further promote the heat dissipation, thus delaying the decomposition of the functionalized MWCNTs/ PU composites more effectively. In addition, the more uniform dispersion and stronger interfacial interaction in MWCNT-PCL/PU composite may contribute to its higher thermal stability compared to MWCNT-COOH/PU composite.
Conclusions
In this work, polycaprolactone diol (PCL) was one of the components to synthesize PU, and PCL was also selectively used to functionalize MWCNTs, in order to achieve a high compatibility of functionalized MWCNTs with the PU matrix. Three types of MWCNTs/PU composites (raw MWCNT/PU, MWCNT-COOH/PU and MWCNT-PCL/PU) with 1 wt% loading were prepared with a solution mixing method. The successful functionalization of carboxylic acid groups and PCL chains on MWCNTs' surface was confirmed with FTIR, Raman, TEM and TGA tests. A uniform dispersion of MWCNTs in the PU matrix was achieved in the MWCNT-PCL/PU composite, as verified with FESEM and TEM. Tensile tests showed that the tensile strength and modulus of MWCNT-PCL/PU composite were improved significantly (by 51.2% and 33.5%, respectively) without sacrificing the elongation at break, as compared to pure PU. Regarding the thermal stability, T 2% and T 50% of MWCNT-PCL/PU composite were increased by 38 oC and 35 oC, respectively, as compared to pure PU. Among pure PU and the three types of MWCNTs/PU composites, the highest enhancement effect in both mechanical properties and thermal stability, found for the MWCNT-PCL/PU composite, could be attributed to the homogeneous dispersion of MWCNT-PCL in the PU matrix and strong interfacial bonding between them. Since the monomer of a polymer is generally well compatible with the polymer itself, the approach based on the use of monomer-functionalized nanofillers to improve mechanical and thermal properties of polymer materials is very promising.
